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Inorganic polyphosphates (PolyP) are widespread molecules that have been shown to play a role in metal
detoxiﬁcation and heavy-metal tolerance. In the present report, we investigated the functional role of
spherites as PolyP-metal binding stores in epithelial cells of the midgut of Anticarsia gemmatalis, a lepi-
dopteran pest of soybean. PolyP stores were detected by DAPI staining and indirect immunohistochem-
istry as vesicles distributed in columnar cells and around goblet cell cavities. These PolyP vesicles were
identiﬁed as spherites by their elemental proﬁle in cell lysates that were partially modulated by P- or V-
ATPases. PolyP levels along the midgut were detected using a recombinant exopolyphosphatase assay.
When copper was added in the diet of larva, copper detection in spherites by X-ray microanalysis corre-
lated with an increase in the relative phosphorous X-ray signal and with an increase in PolyP levels in
epithelia cell lysate. Transmission electron microscopy of chemically ﬁxed or cryoﬁxed and freeze substi-
tuted tissues conﬁrmed a preferential localization of spherites around the goblet cell cavity. Taken
together, these results suggest that spherites store high levels of PolyP that are modulated during metal
uptake and detoxiﬁcation. The similarity between PolyP granules and spherites herein described also sug-
gest that PolyP is one of the main phosphorous source of spherites found in different biological models.
This suggests physiological roles played by spherites in the midgut of arthropods and mechanisms
involved in heavy metal resistance among different insect genera.
 2011 Elsevier Ltd. Open access under the Elsevier OA license. 1. Introduction
The juvenile period is a time of intensive nutrient uptake that
supports insect growth and transition to adult morphology and
metabolism. Food ingestion is specially intense among Lepidoptera
as their feeding is mainly restricted to plants, which are a poor
sources of nutrients (Dow et al., 1987; Klowden, 2007). During
digestion, nutrients are mobilized by a set of hydrolases (Terra
and Ferreira, 2005, 1994) and posteriorly absorbed by several
transporters (Meleshkevitch et al., 2006, 2009) using the so-called
‘‘voltage strategy’’ (Harvey and Okech, 2010). Insects also incorpo-
rate metals during feeding and a ﬁne mechanism for regulation ofitária, Prédio do CCS, Bloco D,
Janeiro, RJ 21941-590, Brazil.
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sevier OA license. metal uptake must be present or they may become toxic at certain
concentrations. In such cases, generation of reactive oxygen spe-
cies by the Fenton reaction (Fenton, 1894) or modulation of pro-
teins are among the main observed effects. This is true for metals
naturally present in soils and becomes more critical when heavy
metal contamination occurs.
In this regard, insect midgut epithelial cells have been shown to
immobilize metals inside vesicles, called spherites (Kôhler and Al-
berti, 1992). Spherites are intracellular organelles detected as het-
erogeneous-sized membranous structures containing
homogeneous or ring-shaped electron dense inorganic crystal
depositions that have been found in a variety in invertebrate tis-
sues (Correa Junior et al., 2003; Delakorda et al., 2008; Humbert,
1978; Words, 2002). This inorganic content is composed of a vari-
ety of metallic atoms like calcium, potassium and zinc, complexed
with a phosphorous source whose biochemical nature remains un-
known (Delakorda et al., 2008; Humbert, 1978; Lipovsek et al.,
2002). A pathway for spherite ion uptake remains to be described,
but participation of ATP-dependent and vanadate-sensitive pumps
as well as cation–proton exchangers has been described in crusta-
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iﬁcation is a key component towards the creation of a favorable
electrogenic gradient. Accordingly, an acidic environment has been
reported in zinc granules from Drosophila melanogaster (Wessing
and Zierold, 1999). The metal composition of spherites varies with
the composition of the food ingested by the insect or the soil
inhabited by such organisms (Pigino et al., 2006), suggesting a role
in metal detoxiﬁcation. A cellular route for metal uptake, binding
and release is yet to be described, but spherites have been ob-
served in the intestinal lumen (Cruz-Landim, 1971; Serrao and
Cruz-Landim, 1996; Wright and Newell, 1964), mainly during
ecdysis (Pigino et al., 2005) suggesting a coordinated release dur-
ing cellular renewal and redirection to the external environment.
Also, fusion events involving spherites and an interplay with auto-
phagic bodies have been suggested (Lipovsek et al., 2002; Serrao
and Cruz-Landim, 1996).
Inorganic polyphosphate (PolyP) are polymers of orthophos-
phate residues linked by phosphoanhydride bonds that play a role
in several aspects of cell metabolism like Pi storage, regulation of
metal homeostasis, enzyme activities and gene transcription or
translation (Kornberg, 1999; Kulaev and Kulakovskaya, 2000; Rao
et al., 2009). Nevertheless, despite their growing attention, they
have remained poorly described among invertebrates. Commonly,
besides minor stores being present in several subcellular compart-
ments such as the cytoplasm, nucleus and mitochondria (Kulaev
and Kulakovskaya, 2000; Lichko et al., 2006a,b), major PolyP stores
are found in acidic PolyP granules. These organelles have been de-
scribed and named independently in several models (Allan and
Miller, 1980; Ramos et al., 2010b; Ruiz et al., 2004, 2001a; Seuffer-
held et al., 2003; Vercesi et al., 1994; Wiame, 1947). It is now evi-
dent that these organelles share a conserved physiological
mechanism (Docampo et al., 2005). For example, acidiﬁcation
dependent of V-ATPases (Docampo et al., 1995a; Motta et al.,
2009; Scott and Docampo, 1998), which is utilized as an electro-
genic source for metal uptake (Vercesi and Docampo, 1996; Vercesi
et al., 1994), and association of these metals with PolyP are wide-
spread features of PolyP storage compartments (Beauvoit et al.,
1991; Rodrigues et al., 2002).
As PolyP storage compartments have been implicated in metal
buffering in several models (Keasling, 1997a; Keasling and Hupf,
1996; Lichko et al., 1982), we questioned whether PolyP could have
a role in metal detoxiﬁcation along the midgut epithelial cells. We
combined biochemical assays with routine and analytical electron
microscopy as well as ﬂuorescence microscopy and immunohisto-
chemistry to analyze the composition of the spherites of Anticarsia
gemmatalis. We suggest that PolyPs in spherites play a role in metal
buffering and detoxiﬁcation in this model. In this regard, identiﬁ-
cation of spherites as PolyP granules might shed a new light to-
wards understanding how insects cope with metal homeostasis
and detoxiﬁcation.2. Materials and methods
2.1. Chemicals and strains
DAPI, DNase, RNase and P8340 protease inhibitor cocktail were
purchased from Sigma–Aldrich. Glassmilk was part of the Q-Bio-
gene Geneclean II kit. Anti-Xpress antibody and Alexa Fluor 488
conjugated anti-mouse antibody was from Invitrogen. Historesin
was from Leica Microsystem. Glutaraldehyde, paraformaldehyde,
sodium cacodylate, osmium tetroxide was from Electron Micros-
copy Science. Recombinant Escherichia coli scPPX and PolyP bind-
ing domain (PPBD) of E. coli exopolyphosphatase were provided
by Dr. Roberto Docampo. All other chemicals and reagents were
of analytical grade.2.2. Insects
Insects were obtained from a colony kept at 27 C and 70% rel-
ative humidity. Adults were maintained in a plastic cage and paper
sheets were added for eggs deposition. After 24 h, eggs were trans-
ferred to a plastic box and left for egg hatching and larvae develop-
ment. Larvae were fed as described elsewhere (Hoffmann-Campo
et al., 1985) until they reached the ﬁfth instar around the 10th or
11th day after hatching as detected by visual inspection. Where
speciﬁed, larvae specimens of eighth day were transferred to a dif-
ferent plastic cage and ZnSO4 and CuSO4 were added to 5 g larvae
diet for 72 h.
2.3. Histological analysis
Larvae midguts were dissected and ﬁxed in Karnovsky’s ﬁxative
(4% formaldehyde, 2.5% glutaraldehyde and 0.1 M sodium cacodyl-
ate pH 7.2) (Karnovsky, 1965) for 2 h. Samples were washed in so-
dium cacodylate buffer, dehydrated in an ethanol-graded series
and embedded in Historesin. Embedded samples were hardened
under vacuum by adding Historesin hardener. Semi-thin 3 lm sec-
tions were prepared and adhered to a glass slide. Sections were
stained at room temperature in a drop of Giemsa for 5 min, washed
with 70% ethanol and observed in an upright Zeiss Axioplan
microscope.
2.4. PolyP visualization
Larvae midgut were dissected and ﬁxed for 2 h with 4% formal-
dehyde, 0.1% glutaraldehyde and 0.1 M sodium cacodylate pH 7.2.
Samples were cryoprotected at 4 C with 10% sucrose overnight
and 30% sucrose for 24 h. Samples were immersed in Optimal Cut-
ting Temperature (OCT) compound and frozen in LN2. Following,
10 lm sections were cut on cryostat at 20 C and adhered on
poly-L-lysine coated slides and stored at 20 C until further pro-
cessing. For immunohistochemistry, sections were washed in PBS
and blocked with 50 mM NH4Cl for 30 min and followed by 0.3%
Triton X-100, 2% BSA, PBS (PBT–BSA) for 1 h. Following, 16 lg/ml
PPBD and 20 lg/ml anti Xpress epitope monoclonal antibody were
added to PBT–BSA and incubated for 2 h at room temperature.
After PBT–BSA washing, sections were dark-incubated for 2 h at
room temperature in 1:500 Alexa Fluor 488 conjugated anti-mouse
secondary antibodies in PBT–BSA. Alternatively, sections were
incubated with 0.1 lg/ml DAPI, washed with PBS and mounted
on n-propyl gallate. Samples were observed on an upright ﬂuores-
cence microscope Zeiss Axioplan. Deconvolution was performed
using a no-neighborhood algorithm.
To detect PolyP in cell lysates, midguts were dissected, their
content was removed and mechanical lysis was performed in sal-
ine 32 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 200 mM saccharose,
5 mM Tris–HCl pH 8.5 (Dow and Peacock, 1989). After decanting
the cell debris, 50 ll were removed and incubated with 50 lg/ml
DAPI for 30 min at room temperature. Samples were centrifuged
5 min, 800g and the pellet was resuspended in saline. Slides were
mounted and observed under upright ﬂuorescence microscope
Zeiss Axioplan using a custom ﬁlter set of 350 nm excitation and
500 nm bandpass emission ﬂuorescence.
2.5. PolyP quantiﬁcation and visualization
Larva midguts were dissected and their contents removed.
Where indicated, anterior and posterior midguts were isolated.
Epithelial tissue was mechanically disrupted and PolyP was ex-
tracted by cold acid extraction as described (Moreno et al., 2000).
Initially, 300 ll HClO4 were added to each midgut sample and left
for 1 h on ice. Samples were centrifuged for 1 min at 14,000 rpm
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were determined using excess of a recombinant exopolyphospha-
tase (scPPX) on reaction medium containing 60 mM Tris–HCl pH
7.5, 6 mMMgCl2 for 30 min at 37 C. Total hydrolyzed Pi was quan-
tiﬁed by malaquite green as described elsewhere (Ruiz et al.,
2001b). When PolyP midgut sections were compared, protein lev-
els were quantiﬁed by the Lowry method (Lowry et al., 1951) and
used as a normalizer.
2.6. X-ray microanalysis of the cell lysate
Midguts were dissected, their content was removed and
mechanical lysis was performed in 50 mM Tris–HCl pH 7.5, EGTA
10 mM and 1:100 dilution of the P8340 protease inhibitor cocktail
containing 4-(2-aminoethyl)benzenesulfonyl ﬂuoride (AEBSF),
pepstatinA, E-64, bestatin, leupeptin, and aprotinin. Lysates con-
tents were decanted for 5 min at room temperature. When speci-
ﬁed, 10 lM baﬁlomycin or 100 lM sodium vanadate were added
to the vesicle suspensions for 30 min at room temperature. After
decanting, 20 ll cell lysate were applied to Formvar-coated grids
and blotted dry with a ﬁlter paper. Grids were dried and examined
in a JEOL 1200 EX transmission electron microscope operating at
80 kV. X-rays were collected for 90 s using a Si (Li) detector with
Norvar window on a 0–10 keV energy range with a resolution of
10 eV/channel.
Semi-quantitative elemental analysis was performed as de-
scribed (Miranda et al., 2004c). The atomic% was calculated based
on the measured weight% values (wt.%/atomic wt.).
2.7. Ultrastructural analysis
Larva midguts were dissected and ﬁxed in 4% formaldehyde,
2.5% glutaraldehyde and 0.1 M sodium cacodylate pH 7.2 for 2 h.
Cells were washed with 0.1 M sodium cacodylate pH 7.2 and
post-ﬁxed with 1% OsO4, 0.8% FeCNK, 5 mM CaCl2 for 1 h at dark.
Samples were washed in 0.1 M sodium cacodylate pH 7.2, dehy-
drated in an acetone graded series and embedded in progressive
Epon concentrations. Epon-embedded samples were hardened at
60 C for 72 h, 80 nm ultrathin sections were prepared on an ultra-
microtome and mounted on copper grids. Lead citrate and uranyl
acetate were used for post-staining and grids were observed on
JEOL 1200EX transmission electron microscope operating at 80 kV.
Alternatively, midgut sections were frozen using a high-pres-
sure freezing machine Bal-Tec HPM-010 and 1-hexadecene as
cryoagent. Freeze-substitution was performed using 1.45% KF as
a calcium-precipitating agent, 3% glutaraldehyde, 1% OsO4 in meth-
anol (Hardt and Plattner, 2000). Samples were kept at 80 C for
72 h, 20 C for 6 h, 4 C for 4 h and transferred to room tempera-
ture. Samples were washed with acetone and embedded in Epon as
described above.3. Results
3.1. General morphology of A. gemmatalis midgut and detection of
PolyP stores
To better understand the general morphology of themidgut of A.
gemmatalis, we prepared histological sections from Historesin
embedded samples. No signiﬁcant morphological differences could
be found between anterior and posterior midgut at this level. Anti-
carsiamidgut is divided in three main regions: the endoperitrophic
and ectoperitrophic space (EnS and EcS, respectively) and the cellu-
lar monolayer (Fig. 1A), composed of columnar, goblet and regener-
ative cells (Fig. 1B). EnS is surrounded by the peritrophicmembrane
(PM) and deﬁnes the inner region of the midgut lumen. This regionhas been deﬁned as involved with primary digestion (Terra and
Ferreira, 1994), which is corroborated by the observation of undi-
gested food (Fig. 1A, C, and D). The PM and the cellular monolayer
limit the EcS and no food residues could be found. Several vesicles
of different sizes and aspects are present dispersed around the EcS
and eventually in close proximity to the PM (Fig. 1C). No contact be-
tween vesicles and the PM could be observed. Cellular monolayer is
comprised of midgut epithelial cells and is surrounded on its basal
side by a well-established extracellular space. Muscle cells and tra-
cheoles were found adjacent to the extracellular space (Fig. 1C).
Columnar and goblet cells are the most abundant cell types and
no speciﬁc distribution pattern was observed (Fig. 1C–E). Both cells
deﬁne the monolayer height and present luminal-oriented micro-
villi. They differ by the presence of the goblet cell cavity (GV), a spe-
ciﬁc luminal space (besides EcS and EnS), rich in microvilli. Vesicles
could be detected in the columnar cell, suggesting a trafﬁcking
route, perhaps involving multivesicular bodies (Fig. 1D). Regenera-
tive cells were a less often observed cell type limited to the basal
side of the cellular monolayer.
As vesicles could be observed inside the epithelial cells cyto-
plasm, we proceeded towards detecting PolyP stores using both
the modiﬁed exopolyphosphatase PolyP-binding domain (PPBD)
(Saito et al., 2005) and DAPI staining on OCT embedded sections.
DAPI has been used as PolyP reporter as its interaction with PolyP
yields ﬂuorescence in a different wavelength than the blue emis-
sion from DAPI–DNA (Allan and Miller, 1980; Aschar-Sobbi et al.,
2008). Although PolyP stores were present along both columnar
and goblet cells, goblet cell cavities and its surroundings were
the major regions of accumulation of PolyP stores (Fig. 2A and B).
3.2. PolyP storage in spherites
To conﬁrm storage of PolyP inside epithelial cells, tissue homog-
enates were analyzed using a recombinant yeast exopolyphospha-
tase-based assay (Ruiz et al., 2001b). PolyP strongly concentrated
in the posterior midgut of A. gemmatalis but was also detected in
the anterior midgut (Fig. 3A). In that regard, both regions were
used in the following experiments. After mechanical lysis and
decantation, we could obtain a fraction rich in PolyP granules as
detected by DAPI staining (Fig. 3B). Under the transmission elec-
tron microscope, midgut PolyP granules presented an electron
dense morphology (Fig. 3C, inset) similar to PolyP granules from
other models. X-ray microanalysis showed an elemental composi-
tion identical to previously found spherite proﬁles (Fig. 3C). In that
regard, detectable levels of metallic atoms like calcium, magne-
sium, potassium, sodium, and zinc were present. Phosphorous
and chloride were also detected. Manganese, iron and sulfur were
less often detected (Fig. 3D). In our samples, calcium peaks were
only observed inside spherites and allowed us to use calcium as
a spherite reporter in subsequent experiments.
A speciﬁc group of polyP-containing organelles from protozoans
have been shown to contain baﬁlomycin A1-sensitive V-ATPases
(Docampo et al., 2005; Scott et al., 1995a) and vanadate-sensitive
Ca+2-ATPases (Docampo et al., 1995b) important for metal uptake.
Accordingly, zinc peak frequency decreased when suspensions
were incubated with 10 lM baﬁlomycin A1 (Fig. 4A) and calcium
peaks were less often observed when samples were incubated with
100 lM vanadate (Fig. 4B).
As spherites and PolyP (and PolyP granules) have been sug-
gested to play a role in metal storage and homeostasis, we pre-
pared samples from the midgut of larvae submitted to copper-
supplemented diets. After dietary copper addition, copper peaks
were frequently observed on microanalysis spectra when Form-
var-coated nickel grids were used (Fig. 5A and B). This was accom-
panied by a 42% raise of phosphorous total weight as detected by
the Cliff-Lorimer method (data not shown). We then analyzed
Fig. 1. General histology of A. gemmatalis midgut. Historesin embedded sections were stained with Giemsa and the general morphology of the midgut was analyzed. (A, bar
200 lm) Peritrophic membrane (black arrowheads) divides the midgut in EnS: endoperitrophic and EcS: ectoperitrophic space and a monolayer of epithelial cells composes
the cellular zone. (B, bar 10 lm) Epithelial cells are identiﬁed as c: columnar cells, g: goblet cells and r: regenerative cells. (C, bar 50 lm) Several vesicles are observed at the
ectoperitrophic space (black arrows) and perirophic membrane (black arrowheads) remains in a tight or (D, bar 50 lm) loose proximity with the cellular layer. (E, bar 20 lm)
Columnar cells are apparently involved with apocrine vesicles secretion (white arrowhead). L: lumen, R: regenerative cells, G: goblet cells, MV: microvilli, GV: goblet cell
cavity.
Fig. 2. In situ PolyP detection. Midgut from 5th instar larvae was ﬁxed and embedded on OCT. Cryosections were adhered to poly-L-lysine coated slides and used for PolyP
detection either with using PPBD and Anti-Xpress epitope immunohistochemistry routine (A) or DAPI (B) as described. Arrows: spherites, bar: 10 lm.
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larvae. Accordingly, PolyP was three times higher after either
100 lg/g ZnSO4 or CuSO4 were added (Fig. 5C). No PolyP size mod-
iﬁcation was detected by agarose gel electrophoresis using DAPI as
a reporter. There was also no apparent impact on the larvae devel-
opment (data not shown).
3.3. Distribution of spherites
Spherites have been observed in the midgut luminal region and
implicated with metal release and cellular detoxiﬁcation of arthro-pods (Pigino et al., 2005). As PolyP stores were observed around the
goblet cell cavity space on midgut section, we processed midgut
sections for electron microscopy to conﬁrm these results. Accord-
ingly, electron dense vesicles with similar morphology to PolyP
granules and spherites were observed around the goblet cell cavity
(Fig. 6A), apparently trafﬁcking to its luminal side (Fig. 6B). Simi-
larly to PolyP granules in other models (Miranda et al., 2000,
2004a), these vesicles presented partial loss of electron dense
material as a consequence of loss of inorganic content during sam-
ple preparation. When tissue slices were high-pressure frozen and
freeze-substituted in the presence of 1.45% KF (Poenie and Epel,
Fig. 3. PolyP quantiﬁcation and elemental composition of spherites. Lysates were prepared by mechanical disruption of 5th instar larvae midgut and (A) PolyP was extracted
and quantiﬁed from 5th instar larvae anterior and posterior using a recombinant yeast exopolyphosphatase assay. Lysates were either (B, bar 5 lm) incubated with 50 lg/ml
DAPI and observed using a custom ﬁlter set under ﬂuorescence microscope for PolyP granules detection or (C) mounted on Formvar-coated copper grid and submitted to X-
ray microanalysis for elemental proﬁle determination. The inset represents typical spherites morphology under transmission electron microscope. (D) Less frequent
elemental proﬁles containing iron and manganese have also been detected.
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dense spherites were found around the goblet cell cavity
(Fig. 6C). X-ray counting could be obtained from those vesicles
and calcium peaks were observed and used as a spherite reporter
(Fig. 6D).4. Discussion
PolyP granules are subcellular compartments that represent a
major reservoir of PolyP in several eukaryotic models such as yeast
and protozoans, but still remain poorly understood in animal mod-els. Nevertheless, recent reports have implied that PolyP could play
important roles in vertebrate physiology like platelet activation
and intrinsic coagulation (Muller et al., 2009; Smith and Morrissey,
2008; Smith et al., 2006; van der Meijden and Heemskerk, 2010),
cancer metastasis (Han et al., 2007; Wang et al., 2003), activation
of FGF signaling and induction of stem cell differentiation (Kawa-
zoe et al., 2008; Shiba et al., 2003). It is thus plausible that PolyPs
also play major roles in invertebrate physiology. Accordingly,
involvement of PolyP with the regulation of proteases (Gomes
et al., 2010; Kuroda et al., 2001) and energy supply (Campos
et al., 2007) has been proposed in invertebrate eggs. In the present
report, we identiﬁed spherites from epithelial cells of A. gemmatalis
Fig. 4. Elemental composition of spherites after modulation of V- or P-ATPase. Lysates were incubated in the presence of either (A) 10 lM baﬁlomycin A1 or (B) 100 lM
sodium orthovanadate and mounted on Formvar-coated copper grid and submitted to X-ray microanalysis for determination of elemental proﬁle.
Fig. 5. PolyP mobilization and spherites elemental composition after dietary metal addition. Larvae were fed for 72 h with either CuSO4 or ZnSO4. (A) Elemental composition
of spherites fed on control diet and (B) elemental composition of spherites fed on CuSO4-supplemented diet was obtained. (C) PolyP content from midgut epithelial cells after
cold acid-hydrolysis extraction of PolyP and quantiﬁcation using excess of scPPX (P < 0.05, one-tailed t test).
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baﬁlomycin A1 or vanadate-sensitive transporters play a role dur-
ing metal uptake and metals are stored as phosphate and PolyP
salts, possibly serving as a detoxiﬁcation mechanism. We suggest
a mechanism of detoxiﬁcation involving binding of metals to PolyP
and release of spherites content.
Immobilization of metals in vesicles named spherites is a wide-
spread strategy that has been shown in several arthropods (Delak-
orda et al., 2008; Lipovsek et al., 2002; Pinheiro Dde et al., 2008;
Words, 2002). In that regard, spherites of ﬁfth instar A. gemmatalis
larvae were identiﬁed by their elemental proﬁle using X-ray micro-
analysis as type A spherites (Hopkin, 1989; Kôhler, 2002). Homo-
geneous electron-dense type A spherites have been found among
other Lepidoptera, including Diatracea saccharalis (Pinheiro Dde
et al., 2008) and Manduca sexta (Dow et al., 1984), and in cells of
the mite Xenillus tegeocranus (Pigino et al., 2006).
X-ray microanalysis has been previously used to ﬁnd PolyP-rich
organelles in the eggs of the cockroach Periplaneta americana and
other animal models where they remain associated with metallic
cations (Gomes et al., 2008; Ramos et al., 2010a,b). The similarity
of elemental proﬁle between spherites and egg PolyP granules sug-gests storage of PolyP inside spherites and shared physiological
routes of metal uptake. Accordingly, detection of PolyP by ﬂuores-
cence probes conﬁrmed that spherites are PolyP-rich compart-
ments. Also, metal uptake of spherites was modulated in vitro by
addition of V- or P-ATPase inhibitors, similarly to what has been
described for the PolyP-rich organelles from protozoans (Miranda
et al., 2005; Scott et al., 1998, 1995b; Vercesi et al., 1994).
Both spherites and PolyP stores have been described as metal-
buffering agents (Keasling, 1997a; Keasling and Hupf, 1996; Lichko
et al., 1982). Here, calcium, magnesium, sodium, phosphorous and
zinc were continually found, while manganese and iron were only
periodically detected. Except for manganese, all elements were
previously described in PolyP granules from other models (Miran-
da et al., 2000, 2004a,b). Nevertheless, the presence of manganese
is not a striking feature as a Ca2+/Mn2+-ATPase isoform has been re-
cently suggested to be present in Drosophila spherites (Southall
et al., 2006) and the yeast Vtc4p has been shown to possess a PolyP
polymerase activity which is Mn2+-dependent and localized in the
yeast vacuole, a PolyP-rich organelle (Hothorn et al., 2009). We
have suggested a link between PolyP mobilization and metal
homeostasis in the eggs of P. americana. In this model, PolyP mobi-
Fig. 6. Ultrastructural aspects of spherites and goblet cell cavity. 5th instar larvae midguts were chemically ﬁxed and prepared for routine electron microscopy as described.
(A and B – bar 1 lm) Several spherite-like vesicles ﬁlled with an electron-dense material (black arrows) were detected inside the goblet cell cavity. (C, bar 500 nm) Midgut
slices were high-pressure frozen and freeze-substituted using 1.45% KF as a calcium precipitating agent in order to minimize loss of calcium within the spherites (black
arrows). (D) X-ray microanalysis of spherites after freeze-substitution was performed as described. GV: goblet cell cavity.
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early egg development (Gomes et al., 2008). By analogy, it is possi-
ble that modulation of spherites content could occur to quench cel-
lular or hemolymph cations requirements. In that regard, metal
release or uptake could occur to or from the hemolymph via an un-
known endocrine signaling pathway. Also, metal storage in midgut
cells could account for an isolation mechanism in order to mini-
mize exposition of other cells (e.g., cells from the nervous system
and fat body).
PolyP has also been involved with heavy metal tolerance in dif-
ferent organisms (Alvarez and Jerez, 2004; Keasling et al., 2000;
Keasling, 1997b). PolyP levels were higher when either zinc or cop-
per was added on sub-lethal doses to the animal diet. At least for
the copper-fed animals, this increment in PolyP levels correlated
with an increase phosphorous total weight on X-ray microanalysis
elemental proﬁles (data not shown). Also, we observed copper-up-
take inside spherites after copper-feeding, an element commonly
present in soybean ﬁelds fertilizers (Fageria, 2001; Shuman,
1998) and pesticides (Epstein, 2001; Thrupp, 1991). This is similar
to what has been described in the electron dense bodies of Euglena
gracillis (Einicker-Lamas and Mezian, 2002) and crustaceans (de-
scribed as lysosomes) (Correa et al., 2002; Correa Junior et al.,
2003). As we have used a qualitative methodology, it is possible
that mobilization of other elements is being carried during our
experiments and have not been detected. In the future, it will beinteresting to evaluate to which extent copper uptake as well as
pump inhibitors modify the levels of elements by means of quan-
titative methodologies.
During our observations, spherites were commonly found
around or inside the goblet cell cavity (GV), suggesting a trafﬁcking
route. While spherites have been shown to be released into the lu-
men of some organisms (Serrao and Cruz-Landim, 1996; Wright
and Newell, 1964), this is the ﬁrst evidence for a route involving re-
lease via GV. In M. sexta, for instance, spherites were not observed
around or inside the GV (Dow et al., 1984). Goblet cells microvilli
have remained under study due to the existence of the well-known
K+ pump (Harvey et al., 1983a,b, 1981) – a system composed of a V-
ATPase and a K+/H+ exchanger yet to be identiﬁed and anion chan-
nels (Wieczorek et al., 1989) that remains as an unique feature of
Lepidoptera. It is possible that PolyP release in the GV could ac-
count for a modulation step of those transporters. In this regard,
it has been shown that PolyP is an important component for the
activity of channels like the Streptomyces lividans KcsA (Hegermann
et al., 2008; Negoda et al., 2009) and human TRPM8 (Zakharian
et al., 2009). Additionally, fusion of spherites with GV microvilli
might contribute to membrane protein delivery.
In that regard, while spherites remain poorly understood, PolyP
granules present several common mechanisms. For example, PolyP
synthesis inside PolyP granules have been shown to depend on
proton pumps such as V-ATPases (Castrol et al., 1999; Ruiz et al.,
218 F.M. Gomes et al. / Journal of Insect Physiology 58 (2012) 211–2192001b) and a VTC transmembrane complex (Fang et al., 2007; Ho-
thorn et al., 2009). It will be interesting to evaluate to which extent
spherites physiology mirrors PolyP granules from other models.
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